Abstract Alzheimer's disease (AD), the most common type of dementia, is becoming a major challenge for global health and social care. However, the current understanding of AD pathogenesis is limited, and no early diagnosis and disease-modifying therapy are currently available. During the past year, significant progress has been made in clinical research on the diagnosis, prevention, and treatment of AD. In this review, we summarize the latest achievements, including diagnostic biomarkers, polygenic hazard score, amyloid and tau PET imaging, clinical trials targeting amyloid-beta (Ab), tau, and neurotransmitters, early intervention, and primary prevention and systemic intervention approaches, and provide novel perspectives for further efforts to understand and cure the disease.
Introduction
Alzheimer's disease (AD) is a chronic neurodegenerative disease featuring progressive memory loss and cognitive performance deficits. Globally, after the age of 65 years, the incidence rate of AD doubles every 5 years. Moreover, the number of cases is projected to reach [ 115 million by 2050 [1] , and the estimated cost imposed by AD was $818 billion in 2015 alone [2] . In addition, AD is associated with high comorbidity burdens [3, 4] . Given the heavy economic and social burdens of AD, major emphasis is being placed on understanding its pathogenesis and developing early diagnosis and effective intervention.
AD is pathologically characterized by extracellular senile plaques composed of amyloid-beta (Ab) peptide, intracellular neurofibrillary tangles containing hyperphosphorylated tau protein, cerebral amyloid angiopathy due to the deposition of Ab on vessel walls, and neuronal loss. Reduction of the production and clearance of the accumulation of Ab and hyperphosphorylated tau in the brain are crucial therapeutic strategies for AD. Despite the fact that many advances in pathogenesis and clinical practice have been achieved over the past decades, the factors triggering AD onset and progression remain unclear. Current medicines approved for AD only improve patients' symptoms without modifying the disease progression. Clinical trials to halt or slow the disease have nearly all ended in failure. Thus, we need to re-think the current therapeutic strategies for AD. Recently, researchers have reached a consensus on early diagnosis, early intervention, and multi-targeted therapeutic strategies for AD [5] [6] [7] . In this article we summarize the latest progress in clinical AD research to reflect the trend toward successful management of the disease.
New Trends in Biomarker Research
Therapeutic trials for AD have not succeeded so far, partially because of the advanced neurodegenerative stage of individuals typically targeted in clinical trials. Considering that the efficacy of potential AD treatments likely depend on early intervention, there appears to be an urgent need for accurate identification of preclinical individuals with underlying pathology. While cerebrospinal fluid (CSF) biomarkers have high accuracy and sensitivity for AD diagnosis, blood-based biomarkers are more desirable because the collection of blood is less invasive than that of CSF. Despite much effort, no studies to date have validated the clinical utility of any single blood-based biomarker, such as Ab40, Ab42, or tau [8, 9] .
Previous studies have consistently found that the ratio of Ab40 to Ab42 is more valuable than either of the component biomarkers alone [10, 11] . The Alzheimer's Disease Neuroimaging Initiative cohort studies demonstrated that the total-tau/Ab42 ratio can be used to predict the progression from mild cognitive impairment (MCI) to AD with high sensitivity and specificity [12] , suggesting that assays measuring the ratios of biomarkers may improve the accuracy of AD diagnosis. The inverse association between total plasma Ab42/40 and the cerebral Ab burden determined by positron emission tomography (PET) showed that patients with low plasma Ab42/40 ratios are at risk of greater cognitive decline. In cognitively normal individuals, total plasma Ab42/40 reached a positive predictive value of 81% for a high cortical Ab burden, which represented a 110% increase over the population prevalence of cortical Ab positivity [13] , supporting the use of the plasma Ab42/40 ratio as a surrogate biomarker of cortical Ab deposition and as an enrichment tool. An average of 14.3% drop in absolute concentrations of Ab42/40 has been demonstrated in the blood of amyloid-positive individuals, similar to the findings in CSF, suggesting that plasma Ab kinetics reflect the central nervous system pathology of amyloidosis in a similar fashion to CSF [14] . A receiver operating characteristic (ROC) curve analysis demonstrated an area under the curve (AUC) of 0.8865, showing the inherent validity of using this plasma biomarker as a metric for predicting brain amyloid status.
Recently, Nakamura et al. [15] proposed a set of plasma biomarkers, the APP669-711/Ab42 and Ab40/42 ratios and their composites, for AD diagnosis with high sensitivity and specificity; these markers are measured by immunoprecipitation coupled with mass spectrometry to predict the individual brain amyloid burden. Notably, the composite biomarker showed an accuracy of * 90% in two independent cohort studies using Pittsburgh compound B (PIB)-PET as a standard of truth (Fig. 1) . These results suggest that plasma biomarkers can be helpful for the differential diagnosis of AD and the development of an appropriate therapeutic strategy.
In the brain, tau accumulates more quickly than amyloid. It takes only 5 years for tau to increase by one standard deviation, while it takes 20 years for amyloid to increase by a similar margin [16] . Buckley et al. [16] also found that tau PET is a more consistent measure than Ab. Moreover, the rate of increase in tau PET in the temporal (entorhinal) cortex predicts subjective cognitive decline more effectively than amyloid or even baseline tau, showing that the dynamic change of tau levels during a period in PET is a promising marker for monitoring disease progression and drug efficacy in AD trials.
In the future, identification of blood-based biomarkers, as a non-invasive and easily accessible method, will be a major strategy for early diagnosis and monitoring the disease progression. Such an approach tends to directly measure brain-derived biomarkers such as Ab and tau in blood. One challenge is that the levels of brain-derived Ab and tau are very low due to dilution and degradation in blood [17] [18] [19] . Novel methods using immunomagnetic reduction, mass spectrometry, and immunoprecipitation technologies are expected to detect the indicator molecules in the blood with high sensitivity and specificity [15, 20, 21] . The identification of molecules that can easily efflux from the brain into blood and reflect the disease pathology is another important direction of biomarker search. One promising biomarker is plasma neurofilament light (NFL), which shows high diagnostic accuracy in AD patients, with a sensitivity comparable to the established CSF Ab42 and phosphorylated-tau in a prospective case-control study [22] , and also predicts the progression of AD [23] .
Polygenic Hazard Score
Identifying individuals at risk for AD is of the utmost importance. Although genetic studies have identified ADassociated single nucleotide polymorphisms in APOE (apolipoprotein E) and other genes, genetic information still has not been integrated into a clinical framework for risk prediction. Genotype data from 6409 AD patients and 9386 older controls from the International Genomics of Alzheimer's Project (IGAP) have been analyzed in order to provide for each participant a polygenic hazard score (PHS), quantify the age at onset of AD dementia from a combination of APOE and 31 other genetic variants, and derive estimates of the instantaneous risk for developing AD (Fig. 2) . In another independent cohort, the PHS strongly predicted the empirical age at AD onset (r = 0.90, P = 1.1 9 10 -26 ) and longitudinal progression from normal ageing to AD, and was associated with neuropathology (Braak stage of neurofibrillary tangles) [24] . Importantly, PHS has been associated with in vivo biomarkers of AD pathology, such as reduced CSF Ab42 and elevated CSF total-tau. In a large prospective cohort study, results have shown that PHS significantly predicts the time to AD dementia and steeper longitudinal cognitive decline, even after APOE status is controlled for. In cognitively normal individuals and those with MCI, a positive systematic relationship between PHS and cognitive decline has also been confirmed [25] . Overall, PHS may be useful in MCI studies and preclinical AD therapeutic trials to enrich the participant pool for biomarker-positive individuals at the highest risk for short-term clinical progression.
Positron Emission Tomographic Imaging
Abnormal accumulation of Ab protein and hyperphosphorylation of tau protein in the brain are pathological hallmarks of AD. As the pathological processes start decades before the onset of clinical symptoms, it is crucial to study the cortical distribution of early pathological alterations in order to understand the underpinnings of AD. Recently, brain amyloid load has become a critical index of AD, but this biomarker has not yet demonstrated value in AD treatment. Owing to the development of molecular imaging, especially for PET-Ab and tau, brain amyloid imaging has had a major impact on clinical diagnosis and treatment. Imaging Dementia-Evidence for Amyloid Scanning (IDEAS), an ongoing study assessing the impact of amyloid PET on the management of patients with dementia or MCI of uncertain cause, has shown that physicians change medications or recommendations for 67.8% of MCI patients and 65.9% of people with dementia in response to PET data on the extent of amyloid deposition (https://www. ideas-study.org/2018/01/09/ideas-study-reaches-recruitmentgoal-demonstrates-value-of-pet-scans/). Importantly, diagnoses shift dramatically in accordance with the scans, particularly for people who had been wrongly diagnosed with AD. For clinical trials, molecular imaging will be a necessary means of screening cases and improving the reliability of the trials, thus reducing the number of participants needed and, consequently, recruitment costs in clinical trials, suggesting that PET may have a substantial impact on patient management and clinical trials.
Although AD-related pathological changes seem to spread along interconnected neuronal systems, there are limited neuroimaging approaches able to characterize the putative spreading pathways. A cross-sectional study of 88 elderly, cognitively normal individuals showed that tau and Ab deposits in the elderly brain display well-defined hierarchical cortical relationships [26] . Moreover, the characterization of hierarchically organized maps of tau and Ab may have crucial value in upcoming efforts to improve early individual staging and monitor the cognitive functional effect of tau accumulation on memory decline in the preclinical and clinical stages of AD.
AD Drug Clinical Trials
Although many factors contribute to AD pathogenesis, Ab dyshomeostasis has emerged as the most compelling therapeutic target, as an imbalance between the production and clearance of Ab is often a very early and initiating factor among the pathophysiological features of AD [27] . Thus, reducing the production and/or increasing the clearance of Ab are pivotal therapeutic strategies for AD treatment [27, 28] . b-Site APP cleaving enzyme 1 (BACE1) plays a central role in the production of toxic Ab peptide and is thus a noteworthy therapeutic target for AD. In 2016, Merck reported that verubecestat (MK-8931), a BACE1 inhibitor, causes a dose-dependent reduction of CSF Ab40 in mild-to-moderate AD patients [29] . Supporters of the Ab hypothesis had high hopes for the drug because of its marked efficacy. Unfortunately, in February 2017, Merck announced that the phase 3 study of verubecestat would end due to lack of efficacy. Despite the frustrations of BACE inhibitor research in the past, new ongoing clinical trials such as AMARANTH (NCT02783573), MissionAD2 (NCT03036280 and NCT02956486), and Generation S1 have shown encouraging data. Inhibition of Ab production is regarded as a major strategy for the primary prevention of AD.
Antagonists of the 5-HT6 receptor have been proposed as options for the development of cognitive enhancers owing to the unique localization and pharmacology of that receptor. Phase 2 trials have shown that intepirdine, a 5-HT6 antagonist, improves cognition and function in patients with mild-to-moderate AD when given in conjunction with donepezil [30] . In 2017, however, Axovant announced that the phase 3 trials of intepirdine (NCT02585934) did not meet their primary efficacy endpoint. Recently, Pfizer announced that it is pulling out of research into drugs to treat AD. This decision predicts a ''cold winter'' for the whole field of AD research. Fortunately, Lilly, Merck, Biogen, and AstraZeneca have announced the continuation of pivotal clinical trials for AD.
Immunotherapy is a vital research direction that aims to clear out existing Ab in AD patients; however, the results of clinical trials are discouraging. EXPEDITION 1 and EXPEDITION 2 were two phase 3 clinical trials of solanezumab, a monoclonal antibody that recognizes soluble monomeric Ab; in those trials, however, the treatment failed to improve the cognition of patients with mild-to-moderate AD. Lilly decided to move forward with another phase 3 study, EXPEDITION 3, to investigate the effects on prodromal AD patients, as in pre-specified pooled secondary analyses, patients with mild AD had less cognitive decline by * 34% and less functional decline by * 18% on solanezumab than on the control treatment [31] . However, the trial ended in failure [32] . Although solanezumab has been proposed to reduce peripheral free plasma Ab concentrations by [ 90%, the total Ab40 and Ab42 levels remained significantly elevated and were maintained at high concentrations in both plasma and CSF, and there was no reduction of brain Ab accumulation in patients treated with the antibody compared with those treated with placebo, indicating that solanezumab is not a suitable antibody for the removal of brain Ab. This study also suggests that it is too late to rescue cognition at the stage of mild AD, by which time brain Ab accumulation has already reached a plateau.
Aducanumab, a monoclonal antibody that selectively targets aggregated Ab, has been investigated in patients with prodromal or mild AD. A 54-week course of monthly intravenous infusions of aducanumab reduced brain Ab in a dose-and time-dependent manner. At the highest dose, 10 mg/kg, brain amyloid deposition in AD patients dropped below the threshold of positivity and remained as low as this at 166 weeks [33] . As aducanumab actually clears Ab deposition in the brain, the results of the phase 3 trial are eagerly anticipated.
Although the above results are not sufficient to negate the ''Ab toxicity'' hypothesis, the fact that anti-Ab treatment does not slow the cognitive decline in patients with AD reminds us to rethink the current therapeutic strategies. Thorough removal of brain Ab is expected to have a beneficial effect and improve cognition. In this regard, increasing the dosage of antibodies has become a realistic choice for current trials to meet their end points. In the ongoing A4 trial (anti-amyloid treatment in asymptomatic Alzheimer's disease trial, NCT02008357), Lilly raised the dosage of solanezumab from 400 mg/day to 1600 mg/day for individuals not yet showing symptoms of AD-related cognitive impairment or dementia. This study will also be extended by 72 weeks to 4.5 years in hopes that these changes will reveal what is expected to be a small treatment benefit on the basis of previous trials. Similarly, Genentech quadrupled the dose of crenezumab to 60 mg/kg in the phase 3 CREAD trial (NCT02670083), informed by the predictions of a new drug-disease progression model [34] . Roche reported that high doses of gantenerumab reduced Ab in the brains of people with AD [35] , and at the Clinical Trials on Amyloid Disease meeting in 2017, they reported that their ongoing phase 3 trials indicate that monthly subcutaneous injections of 900 mg and 1200 mg gantenerumab reduce brain amyloid by up to 15% over 6 months-9 months. Overall, the major antibodies in these ongoing clinical trials are being pushed in the same direction of high doses for long periods of time.
Recently, immunotherapies in ongoing clinical trials have predominantly targeted the N-terminal domain of the Ab peptide; however, there is a concern that antibodies against this domain can induce amyloid-related imaging abnormalities (including brain edema and cerebral microhemorrhage), increase neuronal hyperactivity, and promote Ab production [36, 37] . Therefore, the optimal antibody for immunotherapy should be based on Ab clearance and characterized by high safety. The appropriate time for AD patients to receive anti-Ab therapeutics remains to be explored. A theoretical model of AD biomarkers has demonstrated that Ab levels in CSF change in a sigmoidal pattern with time [38] . Therefore, treatments that target Ab should be administered before the plateau stage or even before the period when Ab rises and causes neuronal loss.
Neurofibrillary tangles composed of aggregated tau protein are another hallmark of AD. Given the lack of efficacy of Ab-targeted therapies to date, targeting tau aggregation is, therefore, thought to be a rational therapeutic approach for AD. Unfortunately, tau-targeting therapies have also failed so far. The use of leucomethylthioninium bis (hydromethanesulfonate) (LMTM), a second-generation tau protein aggregation inhibitor, is one such effort. In a phase 2 study, a significant benefit has been seen in both mild and moderate AD participants after 50 weeks of treatment with LMTM [39] . Unfortunately, LMTM failed to slow cognitive or functional decline in participants with mild-to-moderate AD in a phase 3 clinical trial [40] . Nevertheless, further trials are needed as LMTM seems to be effective as a monotherapy for AD [41] . Compared with Ab, tau is a much larger antigen and thus has more immunogenic epitopes. Choosing the right epitope for immunization is critical for tau immunization. AADvac1, an active vaccine against pathological tau proteins, was used in the first-in-man vaccine study, which showed favorable safety and satisfied immunogenicity in patients with AD in a phase 1 clinical trial [42] , and the phase 2 clinical trial (NCT02579252) is ongoing. Similarly, for passive immunotherapy, ABBV-8E12, a vaccine targeting extracellular aggregated tau, has also started a phase 2 clinical trial (NCT02880956) based on its acceptable safety and the tolerability profile of single doses [43] . Targeting tau is clearly more challenging than Ab, as this protein mainly accumulates intracellularly, while Ab aggregates occur in the extracellular space where it is accessible to therapeutic antibodies [4] . Currently, most of the anti-tau protein immunotherapies are still in preclinical trials (ACI-35, RG6100, BMS-986168, TPI-287, ANAVEX 2-73 and AZD0530), and their efficacy remains to be verified.
Early Intervention
Pathological evidence shows that Ab is deposited in the brain 2-3 decades before the first symptoms of AD become manifest [44] . It is essential to target the early period of decline in therapeutic trials and to combine them with the lessons from the previous failure of immunotherapy trials. Recently, researchers reached an agreement on early intervention at the 10th Clinical Trials of AD, and the focus of clinical trials shifted from secondary to primary prevention.
The A4 study is designed to test whether treatment with an anti-amyloid antibody can slow the memory loss caused by AD. Older participants aged 65 years-85 years who had normal memory and cognitive function at the moment but might be at risk for memory loss were enrolled. One of the major interpretations for the failure of previous immunotherapy for AD is that the interventions may have begun too late for anti-Ab antibodies to be beneficial. The A5 trial (NCT02569398), EARLY, is evaluating the BACE-1 inhibitor JNJ-54861911 in a slightly younger cognitively normal population, starting at age 60 years (instead of 65 in A4), who are asymptomatic but with amyloid accumulation confirmed by either CSF or PET. However, even a 60-year-old patient with established amyloid deposition is in a relatively late stage in the long pathogenic process of the disease.
Thus, the next trial, A3, or Ante-Amyloid Prevention of AD, will recruit participants aged 50 years-75 years who are at risk of accumulating amyloid and developing the subsequent biomarker changes. Unlike the A4 and A5 trials, the A3 trial will use biomarkers but not cognition as primary outcomes. Therefore, studies are pushing drug evaluation into ever-earlier disease stages.
Primary Prevention
At the 2017 Alzheimer's Association International Conference, scientists described new studies to test whether multi-domain lifestyle interventions can slow cognitive decline. The Lancet Commission claimed that one-third of dementia cases are preventable, being attributable to a combination of the following 9 risk factors: education to a maximum age of 11 years-12 years, midlife hypertension, midlife obesity, hearing loss, late-life depression, diabetes, physical inactivity, smoking, and social isolation [2] . Remarkably, it is estimated that complete elimination of the ApoE e4 allele, the major genetic risk factor for AD, reduces AD incidence by 7% (Fig. 3) [2] . In line with the trend of early intervention, a two-year study called US POINTER will test the combined effects of physical and mental exercises, a healthful diet, and careful management of heart health to reduce AD risk. Healthy people at risk for dementia and people in the early stages of MCI will be recruited in this planned study. The trial is part of a larger, international effort that comprises studies in the UK, Singapore, and China. A similar trial will soon enroll participants in Australia as well. These trials all focus on clinically asymptomatic people who perform at or slightly below average on neuropsychological tests.
Systemic Approaches to AD Intervention
Previously, it was found that exposure of aged mice to young blood late in life is capable of rejuvenating synaptic plasticity and improving cognitive function [45] . In 2016, it was found that some factors in young blood have the potential to ameliorate disease in an AD mouse model through intravenous injections of young plasma into adult mice [46] , suggesting that anti-aging is feasible from a systemic approach. Similarly, it was found that the Ab40 and Ab42 levels were reduced by * 68% in the brains of APPswe/PS1dE9 transgenic mice when they were joined in parabiosis with wild-type mice. The levels of phosphorylated tau were also significantly reduced in the brain [47] , suggesting that peripheral clearance is a potent approach for both brain Ab and phosphorylated tau clearance. Recently, it was confirmed that human cord plasma treatment revitalizes the hippocampus and improves cognitive function in aged mice [48] . On the basis of the above research, a small trial was conducted to test whether plasma from the young helps patients with AD. The treated participants performed no better overall on objective cognitive tests, but their scores improved slightly on a scale reflecting whether they needed help with daily activities, as well as on a survey that asked caregivers how well the patients performed simple tasks (http://www.sciencemag. org/news/2017/11/blood-young-people-does-little-reversealzheimer-s-first-test.
https://doi.org/10.1126/science. aar3723). Now, the researchers behind that study plan to launch another trial using only the plasma fraction that contains growth factors, excluding coagulation factors and other components that may cause adverse reactions; such refined plasma is more effective than whole plasma at improving cognition in a mouse model of AD, suggesting that developing a systemic strategy may provide a novel perspective for AD treatment.
In fact, the central and peripheral pathways of Ab and tau metabolism are connected and work synergistically to clear Ab and tau from the brain [47, [49] [50] [51] , suggesting that treatment strategies for AD should have a corresponding focus not only on pathological changes in the brain but also on peripheral abnormalities of metabolism. Given that the emerging evidence shows that peripheral tissues and organs play important roles in regulating Ab and tau metabolism in the brain, a systemic view of AD has been proposed to understand the disease pathogenesis and develop therapies from a systemic approach [28] . This systemic view also provides a novel perspective for understanding AD pathogenesis and optimizing therapeutic schedules [28] .
Conclusions
Taking into account the challenges faced and the achievements up to the present, early intervention and primary prevention will be crucial turning points for AD research. Plasma biomarkers will no doubt provide a substantial foundation for this intervention and start a new upsurge of biomarker research. Moreover, antibodies should be developed based on the molecular structures of Ab and tau, which are thought to be the main causes of neuronal death in AD. Considering that AD might not only be a brain disorder but also a systemic disease, developing a specific treatment strategy from a systemic viewpoint may provide a novel approach to AD prevention and treatment.
